Tine titanium nitride (TiN) particles precipitated in steel slabs suppress the growth of austenite grains on heating and consequently improve the low-temperature toughness of controlled-rolled steel plates by grain refinement. It was found, however, that the austenite grain size depends on the chemical composition of the steel, or in other words, the microstructure of the slab prior to heating. When a slab of extremely coarse bainitic microstructure was slowly heated, it developed an unusual transformation and formed duplex austenite grains. This unusual transformation can be prevented i f the microstructure of the slab is properly refined.
Introduction
The austenite (r)-grain size on slab-heating is one of the important metallurgical factors that govern the properties of controlled-rolled (CR) plates. This is because the r-grain size exerts an influence on low-temperature toughness of CR plates through the ferritegrain size. The prevention of r-grain coarsening on heating is thus considered to be extremely important for improving the low-temperature toughness of CR plates. Two methods are available for refining rgrain size. One method is to heat the slab in the low-temperature region immediately above the Aca temperature,l~ while the other is to disperse in the slab fine precipitates that are stable at high temperature, such as titanium nitride (TiN), and to suppress the coarsening of 7-grains by this dispersion.2}
The low-temperature heating method is advantageous in that r-grains can be refined stably irrespective of chemical composition, but decreases the amount of niobium dissolved on heating, and cannot sufficiently make use of precipitation-hardening.
The method of heating slabs at high temperature by utilizing fine precipitates involves no such fears and can be widely used in the production of as-rolled high-strength steels for various applications. This method, however, is expected to vary in the refinement of r-grain size on heating with the chemical composition and heating condition of steel. This point must be thoroughly studied.
This paper, with an aim of facilitating the effective utilization of fine TiN for suppression of 7-grain coarsening on heating, discusses the effect of chemical composition and heating condition on the r-grain size in fine TiN-bearing continuously cast (CC) slabs and the effect of r-grain size on heating on the mechanical properties of CR plates.
II. Experimental Procedures
Commercial CC slabs of 210 mm in thickness were used as test materials. Table 1 gives chemical compositions and nital-etched microstructures of slabs. Steel A is a V-Ti steel, steel B is a Mo-V-Ti steel, steel C is a Mo-Nb-V-Ti steel, and steel E is a Nb-V steel that does not contain titanium. Steels B and C contain molybdenum and are high in hardenability, so that bainitic microstructures are observed. Specimens 12 mm thick x 60 mm wide X 120 mm long were cut from the 1/4 t and 1/2 t positions in the throughthickness direction of slabs, heated at the same rate and water-quenched using a welding thermal cycle simulater, and the effect of chemical composition, heating temperature (holding time : 1 hr) and heating rate on the r-grain size was examined. Moreover, steel C was laboratory rolled to study the effect of 1-grain size on heating on the mechanical properties of CR plates. Specimens 90 mm thick x 350 mm wide X 400 mm long were cut from the 1 /4 t position of slabs, heated at different temperatures and rates (holding time : 1 hr) to change r-grain size, and controlledrolled into 25 mm thick plates with a total rolling reduction of 72 % below 850 °C and with a finish rolling temperature of 740 °C. In this experiment, Slabs were rolled only in the non-recrystallization region of r. The mechanical properties of plates were examined in the transverse direction. Figure 1 shows the effect of heating temperature and rate on the r-grain size at the 1 /4 t position in the through-thickness direction of slabs. The heating rate of 19 °C/min corresponds to a rapid heating to 1 150 °C in 1 hr and the heating rate of 6 °C/ min is equivalent to a slow heating to 1 150 °C in 3 hr. With increasing temperature, r-grains generally grow, coalesce and coarsen. When a suitable amount of titanium and nitrogen is added and fine TiN precipitates are formed, the coarsening of r-grains can be controlled even at a high temperature of 1 250 °C. The r-grains are uniform and fine in steels A and B that contain microalloyed titanium, compared with steel E that does not contain titanium. When compared at 1 150 °C, r-grains are -0.5 to 0 in the --grain size number (ASTM Nor), coarse and duplex in steel E, whereas they are fine and 6 to 6.5 and 7 to 7.5 in No in steels A and B, respectively. The difference due to the heating rate is within 0.5 in terms of No r and the heating rate dependence can be practically ignored. In contrast, steel C is markedly affected by the heating rate. When rapidly heated, r-grains are fine as in steels A and B, but when slowly heated, they remarkably coarsen and become duplex grains. This tendency does not essentially change at the low temperature of 1 050 °C. In the case of slow heating, extremely coarse r-grains coexist with fine r-grains as shown in Photo. 1. Figure 2 shows the heating rate dependence of '-grain size in steel C. The coarse r-grains disappear at a heating rate of about 10 °C/min and above, and the r-grain size tends to saturate at about 7.0 at a heating rate of about 20 °C/min or more. Steels A and B do not have such heating rate dependence. Of steels A, B and C, the r-grain size is the smallest in steel A and the coarsening of r-grains is stably inhibited at a high temperature of 1 250 °C. This is probably due to the effect of type and size of microstructure of the slab prior to heating. This reason as well as the heating rate dependence of r-grains in steel C will be discussed in the next section. Figure 3 shows the difference in r-grain size on heating with the location of specimen in the throughthickness direction of slabs. In both steels, the '-grains at the 1 /2 t position are slightly coarser than those at the 1 /4 t position, but are not basically different. Therefore, the r-grain size can be considered to vary little with the location of specimen. This may be taken to mean that the r-grains do not appreciably differ by the solidification manner or between the columnar zone (1/4 t) and the equiaxed crystal zone (1/2 t). 
2. Effect of Austenite Grain Size on Mechanical Properties Table 2 shows the effect of r-grain size on the mechanical properties of CR plates in steel C. As the heating rate is varied, r-grains at 950 °C are not necessarily finer than those at 1 150 °C. The r-grains become coarse (No r 3.5) and duplex on slow heating to 950 °C and become fine (Nor 6.0) on rapid heating to 1 150 °C. Low-temperature toughness, i.e., Charpy and BDWTT transition temperatures, are governed by r-grain size rather than heating temperature, and the smaller the 1-grain size, the better the low-temperature toughness. Strength of 950 °C heating is somewhat lower than that of 1 150 °C heating, because niobium dissolved on heating decreases as the heating temperature lowers. Strength is not, however, affected at all by heating rate.
Photograph 2 shows the microstructures of plates rolled from slabs heated at 1 150 °C. The microstructure of the plate rolled from a rapidly heated slab consists of almost uniform and fine grains, while the plate rolled from a slowly heated slab exhibits a coarse microstructure that probably transformed from coarse r-grains. This means that the r-grain size on slabheating is carried into the plate. Figure 4 shows the relationship between the r-grain size on heating and the BDWTT 85 % shear fracture appearance transition temperature (FAIT). The '-grain size and transition temperature are related to each other, irrespective of the heating temperature. This means that the r-grain size directly affects the low-temperature toughness of plates through the agrain size when the r-grains on heating are not refined by rolling. However, even if a sufficient reduction is taken in the recrystallization region of r, it is known that a duplex microstructure develops in CR plates and low-temperature toughness deteriorates, if the '-grains on heating are coarse and duplex. Photo.
Microstructures of steel C plates 1 150°C.
controlled-rolled from slabs heated at Iv. Discussion The r-grain size on heating of titanium microalloyed slabs considerably differs, depending on chemical composition. The reason for this is discussed here. Steels A, B and C have almost the same amount of titanium and nitrogen and thus the size and distribution of TiN in slabs is considered to be the same. As shown in Photo. 3, a number of fine TiN particles (about 0.05 pm or finer in size) is observed in the steel C slab. The 1-grains of steels A, B and C, when rapidly heated to 1 150 °C, are refined to No 6.0 or finer (Fig. 1) and are equivalent in the suppression of r-grain coarsening by TiN. Therefore, it seems reasonable to think that the difference in r-grain size is ascribable to the a --r transformation behavior. To confirm this point, the process of a -r transformation in steel C was observed.
The microstructure of the steel C slab is given in Photo. 4. It consists of coarse proeutectoid ferrite probably formed at prior r-grain boundaries and bainite. Many high-carbon island martensite (M*) and pearlite-like constituent (P') of 5 pm or finer in size are distributed in the bainite region.
Photograph 5 shows the austenite formation process and Fig. 5 schematically illustrates Photo. 5. Globular and acicular r-grains are formed at 800 °C in the initial stage of transformation. The globular rgrains mainly form at coarse proeutectoid ferrite boundaries. The formation rate of globular r-grains in the bainite region is higher on rapid heating. When the heating temperature reaches 850 °C, many globular r-grains form in the bainite region on rapid heating and grow to transform almost all the region into fine r-grains.
In the case of slow heating, the forma- 
to fine and coarse r-grains, respectively. Matsuda et al.,3-8~ pointed out that the formation rate of globular p-grains formed with the dissolution of cementite decreases with decreasing heating rate and that this tendency is the strongest when the original microstructure is composed of ferrite and cementite.
As the heating rate decreases, alloying elements like manganese, molybdenum and niobium concentrate into cementite and cementite changes into carbides such as molybdenum-carbides (Mo2C). As a result, the formation rate of globular r-grains decreases due to the difficulty of the dissolution of carbides. Matsuda and Okamura3-5) confirmed that when globular r-grains are not formed, the group of acicular p-grains having the nature of non-diffusive transformation forms along the bainite lath boundaries and coalesces into coarse grains in the later stage of transformation. This type of transformation is very similar to the a -r transformation behavior in steel C. Therefore, the reason for the unusual transformation in steel C on slow heating is considered to be attributable to the coarse microstructure of the slab that consists of proeutectoid ferrite and bainite. In this case, M* or P' probably plays the same role as cementite. Photograph 6 shows the microstructures of slabs of steels A and B and r-grains on slow heating at 900 °C. Since the microstructure is fine and provides sufficient sites for the formation of globular 1-grains, slow heating does not cause the unusual transformation as observed in steel C. The smaller Y-grain size in steel B than that in steel A can be interpreted as resulting from the presence of more sites for the formation of globular r-grains.
The above description indicates that whether or not the r-grains of titanium-microalloyed steel are refined depends on the size of microstructure of slabs or the formation rate of globular r-grains to a large extent. The change of microstructure of slabs with chemical composition comes from the difference in hardenability, because the cooling rate of slabs is almost the same. Since steel C contains both niobium and molybdenum and has the highest hardenability of the test steels, it is considered to exhibit the microstructure shown in Photo. 4 . 
Transactions ISIJ, Vol.. 25, 1985 the breakdown treatment. The r-,grains in the breakdown (BD) slab are practically independent of heating rate and are uniformly refined on heating even if an unusual transformation occurs, because the microstructure itself is fine-grained.
V. Conclusions
The effect of chemical compositions and heating conditions on the r-grain size on heating of titaniummicroalloyed CC slabs and the effect of the r-grain size on the mechanical properties of CR plates were investigated.
As a result, the following conclusions were obtained :
(1) Microalloyed titanium effectively suppresses the coarsening of r-grains on heating and is capable of producing r-grains of No 6.0 or finer at 1 150 °C.
(2) The r-grain size on heating varies with the chemical composition of the steel through the microstructure of the slab.
(3) In the case of steel C having high hardenability, the r-grain size on heating depends on heating rate and the r-grains become coarse and duplex when the slab is slowly heated at a rate of 10 °C/ min or less.
(4) The reason for this phenomenon may be considered to be as follows. Since the microstructure of the slab consists of coarse proeutectoid ferrite and bainite, the formation rate of globular r-grains in the bainite region is extremely low and the bainite region is not refined in the process of austenitization.
(5) If the microstructure of steel C slabs is refined by the breakdown treatment, the r-grains on heating can be refined independent of heating rate.
(6) The low temperature toughness of plates rolled only in the non-recrystallization region of r is directly governed by the r-grain size on heating, and the BDWTT transition temperature is closely correlated with the r-grain size. 
